Amphibians are known to be subject to attack from a wide range of pathogenic organisms, including various bacteria, protozoa, fungi and helminths (Reichenbach-Klinke & Elkan 1965 , Abrams 1969 , Glorioso et al. 1974 . Several different types of tumour have also been described, some of which are known, or suspected, to be caused by viruses (Balls & Ruben 1976) . A few of the infectious amphibian diseases are well documented, for example tuberculosis and the notorious 'red-leg' (Kulp & Borden 1942 , Reichenbach-Klinke & Elkan 1965 , but the aetiology and pathogenesis of many of them are still poorly understood. Moreover, the circumstances which govern the patterns of disease in aquaria and vivaria will, to a certain extent, be different from those operating in the wild.
Reports on the ability of amphibians to mount responses to foreign organisms have appeared intermittently in the literature since before the turn of the century; indeed, amphibians have been more studied in this respect than any other class of ectothermic (coldblooded) vertebrates. Most studies deal with the widely distributed and successful anuran species (frogs and toads); the more primitive urodeles (newts and salamanders) have received rather less attention, while virtually nothing is known of defence mechanisms in the remaining order, the apodans (an aberrant group of legless animals). As a group, the amphibians offer a number of practical advantages to the investigator: some species can be maintained for long periods under controlled conditions, thus allowing detailed analysis of immune responses and immunological memory; experimental manipulations such as parabiosis and thymectomy can be carried out easily on the young free-living stages (Volpe et al. 1969 , Horton & Manning 1972 ; polyploid animals are available which can be used to provide good cell markers (Dasgupta 1962 , Kobel & Du Pasquier 1977 ; and isogeneic animals can be produced (Kobel & Du Pasquier 1977) . Inevitably the immunological technology is largely mammal-based, and the choice of antigens for experimental work has often been governed more by their availability and ease of analysis than by their ecological or pathological significance. The early work on immunity in ectotherms was intended to test their resistance to bacterial pathogens of man and other mammals, while more recently research effort has centred on the analysis of histocompatibility, immunoglobulin classes and lymphocyte heterogeneity (Manning & Turner 1976) . This paper will review the range of responses which are known to be elicited by amphibians against microbes or their products, and assess the relative significance of the different defensive components at different stages of the animals' life history.
Phagocytosis
The ability of phagocytes to engulf and destroy foreign organisms has long been recognized, due to the work of Metchnikoff and others around the turn of the century. Pathogens of mammals, for example anthrax bacilli, were usually employed as the test organisms in amphibian studies (see Bisset 1947 ). This aspect of amphibian immunity has been relatively neglected in recent years, though Everly & Hanson (1965) report that killed Staphylococcus epidermidis injected into the dorsal lymph sac of frogs (Rana pipiens) are engulfed rapidly and stimulate an increase in the number of circulating macrophages.
The phagocyte has very early phylogenetic origins. A sophisticated phagocytic organization is seen in annelid worms, molluscs, arthropods and echinoderms, whilst amoeboid cells of sponges (the most primitive multicelled animals) have been shown capable of ingesting and eliminating India ink, carmine particles and mammalian erythrocytes (see Manning & Turner 1976) . In a primitive but highly efficient system such as this, one would expect strong 0141-0768/79/090697-05/$01.00/0 IV1979 The Royal Society of Medicine similarities within the vertebrate group, and Kent (1966) claims on the basis of carbon clearance studies that there are no differences between frogs and chickens in their phagocytic activity that can be related to their ectothermic or endothermic status. Avtalion et al. (1976) have also noted that phagocytosis is not a temperature-sensitive event.
'Natural' humoralfactors Complement plays a major defensive role in higher vertebrates by mediating a variety of reaction$ including cell lysis, chemotaxis and phagocytosis. Studies on a range of amphibian species (including urodeles) indicate that amphibian complement has multiple components which behave in ways similar to mammalian complement, and that the two are, to a certain extent, interchangeable (Legler et al. 1969 , Day et al. 1970 . A fall in temperature brings about a marked decline in complement components necessary for red cell lysis in leopard frogs, although other components may still be operational at low temperatures (Green & Cohen 1977) . Naturally occurring humoral defence factors other than complement have received little detailed attention in amphibians, although 'background levels' ofreactivity to diverse antigens have often been noted in the literature. At least some of these factors are not acquired and are not immunoglobulins: Du Pasquier (1971) , for example, has described a complementindependent cytolytic lipoprotein in the midwife toad, Alytes obstetricans. It seems clear from this and other more extensive observations in mammals and fish that antibodies have not supplanted but rather supplemented non-immunoglobulin humoral factors during the evolutionary process.
Cell-mediated immune responses Most experimental investigations in this area have employed skin-grafting techniques. These show a clear-cut specificity and memory, and the rejection process is similar to that seen in other vertebrates, subject to temperature control. Studies of amphibian cancers to date have been mainly concerned with description of the tumours and identification of their causative agents: the immunological aspects of neoplasia have been examined in only a few cases, notably lymphosarcomas ofclawed toads (Xenopus laevis) and axolotls (Ambystoma mexicanum) (see review by Balls & Ruben 1976) .
Mycobacteria are common organisms in amphibian habitats. Several different types of mycobacterial disease have been discovered in amphibia but, for reasons that are not understood, these animals seem less affected by the pathogens than the higher vertebrates (Reichenbach-Klinke & Elkan 1965): the mycobacteria tend to occur as secondary infections in the late stages of other bacterial or neoplastic diseases (Clothier & Balls 1973) . Clothier & Balls also showed that low doses of live M. marinum injected into healthy xenopus toadlets caused an increase in the number of small lymphocytes in the lymphoid tissues (spleen, liver and kidney), whilst high doses induced granulomata. Cell cultures from mycobacteriuminfected tissues revealed large numbers of macrophages, and their concentration in the lymph was found to be much greater in infected toads than in uninfected animals (Clothier 1972) . As the disease developed, the percentage of macrophages which ingested the bacteria when challenged rose dramatically (from 1% to 40%). This work correlates with that of Drossler & Ambrosius (1972) , who demonstrated macrophage inhibition factors in bufonid toads (Bufo bufo) following sensitization with BCG. The suggestions are, therefore, that lymphokine factors, acting on macrophages, may be important in the response against mycobacteria in amphibia as well as in mammals.
Antibody production A wealth of information is now available on the production of circulating antibodies by anurans. Various studies on bacterial antigens (notably salmonellae and pseudomonads) have shown that anurans will mount good antibody responses against them, and Kulp & Borden (1942) have demonstrated that frogs can be protected against the devastating 'red-leg' disease (which was originally described in aquaria and frog farms, but also occurs in nature) by immunizing with the heat-killed pathogen Aeromonas hydrophila. Viral and protozoan antigens will also evoke antibody responses but apparently less readily than bacteria, since adjuvants have often been used. Different antigens elicit quite different types of antibody response in anurans. Agglutinins against bacteria persist at a steady level in the blood for many months, and are exclusively high molecular weight (19S) IgM, whereas responses to viruses and foreign serum proteins are less plateau-like and involve 19S IgM followed by a distinct 7S, non-iu immunoglobulin of uncertain designation (see Atwell & Marchalonis 1976) . This point has been made convincingly by Rosenquist & Hoffman (1972) , who showed that anti-DNP antibody in bullfrogs (R. catesbeiana) immunized with DNP-Salmonella typhimurium was different from that in animals which had received DNP-haemocyanin, both in the persistence and class of immunoglobulins produced. Claims have been made that antigens which elicit both types of antibody can induce a secondary response, whereas antigens evoking IgM only will not. Lin et al. (1971) , for example, have shown that toads (B. marinus) given a secondary stimulation with f2 phage (in adjuvant) produced antibody more rapidly than after a primary encounter, the peak response lasted longer, and the 7S: 19S antibody ratio was increased. Moreover, the titres were higher than could be obtained by simply doubling the primary antigen dose. Marchalonis (1971), on the other hand, saw no evidence of immunological memory in the antibody response against Salmonella adelaide in this species.
Work on antibody production in urodeles is so far limited to a few species and antigens (Ching & Wedgwood 1967 , Ambrosius et al. 1970 , Houdayer & Fougereau 1972 , Tournefier & Charlemagne 1975 . There is a slow, prolonged response to bacteria and bacteriophages, and in contrast with the anurans the antibody produced is invariably IgM only, whatever the antigen used: no structurally distinct antibodies have yet been identified. There is no evidence in either urodeles or anurans for a secretory antibody structurally comparable with mammalian IgA, although few serious attempts have been made to look for it. Jurd (1977) has recently reported that antibodies in the bile and gut secretions of xenopus resembled circulating antibody in their structure, and he could find no immunoglobulin in the mucus of the skin. There have also been few successful demonstrations of immediate-type hypersensitivity in amphibians, but the phenomenon is known to exist in at least one species: leopard frogs (R. pipiens) given repeated injections of killed S. typhi subcutaneously at 3-4 day intervals were later challenged with a soluble form of the antigen, and in several cases this cased an immediate but usually non-fatal flaccid paralysis (Cohen etal. 1971) . These symptoms were similar to those of histamine shock, but the authors were unable to implicate any particular cell type or organ in the anaphylactic reaction. The value of such responses is questionable, though they may contribute to the defence of mucous membranes against invasive pathogens.
Besides the usual immunological parameters such as nature, dose, timing and route of entry of antigen, amphibian antibody responses are also governed by environmental temperature. Under natural circumstances the relationship between temperature and immunity of an ectotherm is a complex one, since an increase in temperature will increase both the defensive capability of the host and the offensive capability of the microbe (in ways that are related to their respective temperature preferences), and experimental work on toads (B. marinus) has shown that certain components of the immune mechanism are more temperature-sensitive than others (Cone & Marchalonis 1972, Lin and Rowlands 1973) . Onset of cold weather need not necessarily suppress antibody levels, whilst priming by antigen in the cold will not lead to much (if any) antibody production under those conditions but could ensure a prompt immune response when warmer weather returns.
Ontogeny ofamphibian immunity: the role of 'natural' versus acquired defence mechanisms The sequence of immunological events in a 'typical' developing anuran has been summarized in Table 1 . Larval antibodyand cell-mediated immune responses approach the levels of sophistication seen in adults, which is only to be expected since amphibians become free- living and are therefore exposed to pathogenic organisms very early in life. Thus larval anurans can reject skin grafts, respond to mitogens and elicit both 19S (IgM) and distinct 7S immunoglobulins (Du Pasquier 1973 , Geczy et al. 1973 , Pross & Rowlands 1975 , and responses in neotenic urodeles resemble those in metamorphosed forms (Tournefier & Charlemagne 1975) . Nevertheless, there is a significant time lag between the emergence of the larva from its protective jelly and the first appearance of specific acquired immune reactivity. Xenopus larvae, for example, hatch about 2 days (Stage 35) after fertilization (when kept at 23°C), but rejection of skin allografts will only begin once the thymus has completed its maturation about 10 days later at Stage 49 (Horton 1969) . Moreover, the response to sheep erythrocytes (rosette test) in the spleen of larval xenopus only occurs if antigen is given at Stage 50 or beyond (day 18 onwards) when that organ has completed its lymphocytic differentiation (Kidder et al. 1973) . In other species, such as A. obstetricans and R. catesbeiana, this unresponsive condition following hatching lasts for several weeks (Du Pasquier 1973) .
Metamorphosis in anurans entails a series of profound morphological and biochemical changes. Immune responses are depressed during this period, presumably to allow new 'self' antigens to become established. In xenopus the thymus and spleen lose 80-90% and 30-40% oftheir lymphocytes respectively (Du Pasquier & Weiss 1973) and histocompatibility reactions are impaired (Chardonnens 1976) . Similarly, Moticka et al. (1973) have found that antibody responses to injected sheep cells in R. catesbeiana are very poor in metamorphosing animals compared with larvae and adults.
One concludes from these findings that amphibians must be particularly susceptible to microbial attack during early larval life and metamorphosis (and indeed these are periods of high mortality) and/or 'natural' factors such as phagocytosis must assume a much greater significance in the animals' defensive strategy. A closer appraisal of these mechanisms of 'natural' resistance in amphibians seems overdue.
